"EXPRESS MAIL NO. EV336620640US 



(19) 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(12) 



(43) Date of publication: 

12.05.1999 Bulletin 1999/19 

(21) Application number: 98309042.4 

(22) Date of filing: 05.11.1998 



(11) EP 0 915 551 A2 

EUROPEAN PATENT APPLICATION 

(51) Intel * H02H9/04 



(84) Designated Contracting States: 


(72) Inventors: 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


• Young, William Ronald 


MC NL PT SE 


Palm Bay, Florida 32907 (US) 


Designated Extension States: 


• Croft, Gregg 


AL LT LV MK RO SI 


Palm Bay, Florida 32907 (US) 


(30) Priority: 05.11.1997 US 964672 


(74) Representative: van Berlyn, Ronald Gilbert 




23, Centre Heights 


(71) Applicant: HARRIS CORPORATION 


London NW3 6JG (GB) 


Melbourne Florida 32912 (US) 





(54) Schmitt trigger-configured ESD protection circuit 



(57) A Schmitt trigger-configured overvoltage pro- 
tection circuit has a hysteresis turn-on, turn-off charac- 
teristic that minimizes its sensitivity to noise, and is ef- 
fective to protect an integrated circuit against a DC ov- 



ervoltage condition, and electrostatic discharge -based 
transients, while allowing 'hot' insertion of a device con- 
taining the clamping circuit into an already powered-up 
system. The protection circuit employs a reference de- 
vice, such as a Zener diode. 
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Description 

[0001] The present invention relates in general to a 
mechanism for protecting integrated circuits against po- 
tentially destructive transients, and is particularly direct- 
ed to a hysteresis-based, Schmitt trigger-configured, 
power supply clamping circuit that is effective to protect 
an integrated circuit against both electrostatic discharge 
(ESD) events, as well as large power supply overvoftage 
conditions, while allowing 'hot* insertion of a circuit card 
into an already powered- up system. 
[0002] In order to protect integrated circuits against 
the potentially destructive effects of large voltage tran- 
sients, such as those caused by electrostatic discharge 
(ESD) events, it has become common practice to pro- 
vide various forms of transient-triggered ESD protection 
circuits, such as a power supply clamping circuit dia- 
grammatically shown at 1 0 in Figure 1 . As shown therein 
a (CMOS, bipolar or BiMOS) integrated circuit 11 is pow- 
ered by respective (Vdd and Vss) power supply termi- 
nals/rails 12and 14. In addition tocoupling reverse-con- 
nected protection diodes D1/D2 and D3/D4 between re- 
spective signal input and output pins/ports 21 and 23 
and the supply rails, a voltage transient (dv/dt)-respon- 
sive clamp circuit 40, typical bipolar and MOS-config- 
ured examples of which are shown schematically in Fig- 
ures 2 and 3, respectively, is coupled across the supply 
rails. 

[0003] Each clamp circuit has first and second ports 
41 and 42, coupled to the respective power supply ter- 
minals Vdd, Vss. Ports 41 and 42 are bridged by a re- 
sistor R1 - capacitor C1 network 43, having a sense/ 
control node 45 as a control input to the clamp circuit 
40, shown as a Darlington-connected bipolar transistor 
pair Q1-Q2 in Figure 2, and a CMOS inverter (Q1-Q2) 
driven output MOS device Q3 in Figure 3. 
[0004] In operation, a portion of a sensed ESD pulse 
is coupled via the discharged input capacitor C1 and re- 
sistor R1 to the sense node 45 and is used to turn on 
the switched components of the clamp circuit 40, so as 
to clamp the voltage applied across the circuit at a pre- 
set, tolerable value. Eventually, the capacitor C1 is 
charged to the voltage across ports 41 and 42, turning 
off the clamp circuit 40, and returning the circuit to its 
previous (inactive) state. 

[0005] The values of the resistor - capacitor network 
43 (i.e. its RC time constant) and the switching charac- 
teristics of the clamp circuit control how long the clamp 
circuit will conduct. This RC time constant is typically set 
at a value that is close to or slightly longer that of the 
ESD waveform (e.g., on the order of 150 ns for the 
standard human body model (HBM)), to ensure that the 
protection circuit will be active for a duration sufficient 
to discharge the entire ESD pulse. However, too long 
an RC time constant can present problems, if rapid volt- 
age transitions occur across the clamp circuit during 
normal operation. 

[0006] For example, if the part containing the integrat- 



ed circuit 1 0 and its associated clamp circuit is connect- 
ed across powered positive and negative supply rails (a 
'hot' insertion), the clamp circuit may be subjected to a 
very rapid voltage transition. Such a rapid voltage tran- 

5 sient may also be caused by inductive voltage drops 
across the part's bondwires and lead frame during rapid 
current transitions. If the peak of the rapid voltage tran- 
sient is high enough, it may turn on the protection circuit, 
which is undesirable during normal operation (although 

10 it may not be catastrophic, if the clamping circuit con- 
ducts for only a relatively abbreviated period of time, as 
governed by the RC time constant). 
[0007] A further shortcoming of conventional overvolt- 
age clamp circuits is their sensitivity to noise in the vi- 

is cinity of their triggering threshold. Moreover, because 
these circuits have the potential to oscillate during an 
ESD transient event, they can take longer than neces- 
sary to discharge an ESD pulse. Such unwanted oscil- 
lation may occur, if the clamp circuit locally reduces the 

20 voltage on the supply rails fast enough to capacitively 
couple to the control node and reduce its voltage below 
the clamp threshold. The clamp circuit would then turn 
off; if the ESD pulse had not been fully discharged, how- 
ever, the voltage at the supply terminals would begin to 

25 rise. This voltage increase would, in turn, couple to the 
control node and turn the clamp circuit back on - a cycle 
that could be repeated several times (oscillation). 
[0008] In accordance with the present invention, the 
above-discussed problems of conventional ESD protec- 

30 tion circuits are effectively obviated by a Schmitt trigger- 
configured overvoltage clamping circuit, having a hys- 
teresis turn-on, turn-off characteristic that minimizes its 
sensitivity to noise, and is effective to protect an inte- 
grated circuit against a DC overvoltage condition, and 

35 electrostatic discharge-based transients, while allowing 
'hot' insertion of a circuit card containing the clamping 
circuit into an already powered-up system. 
[0009] As will be described, the protection circuit em- 
ploys a reference device, such as a Zener diode, that 

40 enables the clamping circuit trigger threshold to be set 
at a value that is independent of the power supply volt- 
age. In addition to a Zener diode, another implementa- 
tion of a voltage reference may be employed as bng as 
it provides a voltage reference that is independent of the 

45 supply voltage. Non-limiting examples of other voltage 
reference configurations include a serial string of di- 
odes, a cascaded arrangement of diode-connected 
transistors and an emitter-collector punch-through-con- 
nected transistor arrangement. For each of these and 

50 other functionally equivalent voltage reference imple- 
mentations, the voltage reference will be governed only 
by circuit manufacture processing and device geometry 
parameters, making operation of the clamping circuit in- 
dependent of the power supply voltage. 

55 [0010] The clamping circuit of the present invention 
may be configured for either DC mode operation or tran- 
sient mode operation so as to protect an integrated cir- 
cuit against a power supply rail overvoltage condition 
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and electrostatic discharge-based transients. In accord- 
ance with a DC mode embodiments of the present in- 
vention, configured for DC operation, an input resistor 
of a voltage divider/clamp reference circuit is coupled 
between a power supply rail and an input node of a s 
switched driver circuit, such as a CMOS inverter or a 
bipolar drive transistor. A clamping activation threshold 
reference device, such as a Zener diode, is coupled be- 
tween the input node and another power supply rail. The 
switched driver circuit has an output node coupled to 10 
drive inputs of each of a supply rail-clamping transistor 
and a feedback transistor used to set the turn-off voltage 
level of the hysteresis characteristic of the protection cir- 
cuit. 

[0011] The feedback transistor is employed as a 
switched low impedance device that forms a voltage di- 
vider with the input resistor during the active state of the 
protection circuit. The characteristics of the feedback 
transistor are such that the supply rail voltage differential 
at which the inverter switches back to its previous, 
clamp-inactive, state is less than that for activating the 
clamping circuit. This reduced turn-off voltage ensures 
that, once triggered, the clamping circuit will stay on for 
a period of time sufficient to perform its intended clamp- 
ing function, and will not be subject to noise such as an 
inductive noise voltage bounce that might inadvertently 
turn the clamp off. Namely, the reduced turn-off thresh- 
old provides the inverter switching characteristic with a 
hysteresis that minimizes its sensitivity to noise. The 
supply rail clamping transistor is a large geometry, large 
current device, having its drain-source path or collector- 
emitter path coupled between the supply rails, and is 
operative to pull current out of the power supply and 
clamp the power supply voltage to a value determined 
by its internal impedance. 

[0012] In the absence of an overvoltage condition, the 
switched driver is initially in a first, inactive state, keep- 
ing the feedback and clamping transistors turned off. 
During this state, the voltage at the input node tracks 
the supply rail voltage up to the Zener value and is then 
clamped at that value by the Zener diode. As long as 
the positive supply rail to input node differential is less 
than the value at which inverter switches, the switched 
driver remains in its first, non-clamping state. However, 
for an excessive overvoltage condition, where the volt- 
age on the supply rails exceeds the prescribed overvolt- 
age threshold, the switched driver will switch, causing 
the voltage at its output node to change state, thereby 
simultaneously turning on each of the feedback and 
clamping transistors. 

[001 3] As the clamping transistor pulls current out of 
the power supply and clamps the power supply voltage 
to a value determined by its internal impedance, the 
feedback transistor pulls the voltage at the input node 
to a low value corresponding to that of a supply terminal 
plus a prescribed voltage offset associated with the 
feedback transistor (VDS for a MOSFET, VCE for a bi- 
polar transistor), so as to reduce the voltage to which 



the supply rail differential must drop in order for the 
switched driver to switch back to its previous, non- 
clamping state, and providing the intended turn-on, turn- 
off hysteresis characteristic of the protection circuit. 
When the overvoltage condition that has given rise to 
the dynamic clamping action subsides, and the supply 
rail differential voltage decreases to the lower hysteresis 
threshold, the inverter switches state removing the drive 
to the feedback and clamping transistors and turning off 
the clamp. 

[0014] In accordance with transient-based embodi- 
ments of the invention, the switching components of the 
hysteresis-based protection circuit are AC-cbupled to 
the power supply rails through a time constant network 
(a resistor - capacitor RC) network. This RC network is 
operative to cause the protection circuit to be triggered 
or tumed-on in response to an ESD pulse, such as that 
generated by a human body, electrical machinery, etc., 
which typically has a very fast rise time (e.g., on the or- 
der of hundreds of picoseconds) and a very large am- 
plitude (which may be on the order of several thousand 
volts). The protection circuit thereafter shuts down the 
clamping action of the circuit after the overvoltage pulse 
drops below the reduced hysteresis threshold or at the 
expiration of a prescribed time interval corresponding to 
the time constant of the RC network and the switching 
characteristics of the clamp circuit, whichever occurs 
first. Incorporating a time-out controlled recovery or 
turn-off action as an adjunct to the hysteresis-defined 
turn-off condition, is very effective in preventing circuit 
damage or destruction as a result of prolonged power 
dissipation in the clamping state. 
[001 5] In each transient mode embodiment, the com- 
mon connection of the input capacitor and the resistor 
of the RC network is coupled to the control input of an 
input drive device, such as a bipolar transistor or a 
CMOS inverter, having its major current flow path cou- 
pled in series with the clamping threshold reference de- 
vice. The output of this input drive device is coupled to 
a switched driver as in the DC configuration. The output 
of the switched driver again supplies drive to a feedback 
transistor and a clamping transistor. The feedback tran- 
sistor is coupled to the junction between the voltage ref- 
erence device and the input drive device. 
[0016] In operation, in the absence of an excessive 
overvoltage transient, the input drive device is turned- 
off, so that the remaining circuit switch components are 
turned off, or non-conductive. When an ESD pulse is 
coupled through the capacitor of the RC input network, 
it will turn the input driver on hard. This, in turn will si- 
multaneously turn on each of the feedback and clamp- 
ing transistors. Again, therefore, the large current drive 
provided by the clamping transistor pulls current out of 
the power supply and clamps the power supply voltage 
to a value determined by its internal impedance. At the 
same time, the turn on of the feedback transistor inserts 
a low impedance positive feedback circuit, in parallel 
with the reference device, lowering the reference volt- 
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age. 

[0017] As in the DC embodiment, the positive feed- 
back circuit serves to set the turn-off of the clamping cir- 
cuit at a lower (turn-off) threshold than the turn-on 
threshold. It also improves the efficiency of the clamp in 
the discharging of the capacitor, so as to ensure that the 
clamping action of the protection circuit is effective for 
only a prescribed period of time. As noted above, the 
clamping action is terminated when the voltage on the 
control node drops belowthe reduced turn-off threshold, 
or at the expiration of the time out established by the 
time constant of the RC network and the switching char- 
acteristics of the clamp circuit. This serves to prevent 
an overvoltage condition that does not subside to the 
lower threshold voltage within the time constant period, 
from causing circuit damage or destruction that might 
otherwise result from prolonged power dissipation in the 
clamping state. 

[0018] The present invention also includes a method 
of protecting a circuit against an overvoltage condition 
comprising the steps of: 

(a) monitoring a differential voltage between pre- 
scribed locations of said circuit; 

(b) in response to said differential voltage exceed- 
ing a first voltage condition as established by a first 
threshold voltage of a first voltage reference circuit 
element, coupling a clamping device in circuit with 
said prescribed locations of said circuit; and 

(c) decoupling said clamping device from said pre- 
scribed locations of said circuit, in response to said 
differential voltage being reduced below a second 
voltage condition as established by a second 
threshold voltage less than said first threshold volt- 
age. 

[0019] The present invention includes a protection cir- 
cuit for protecting a circuit from an overvoltage condi- 
tion, comprising a clamping circuit having a hysteresis 
turn-on, turn-off characteristic that is established exclu- 
sive of conditions of prescribed locations of said circuit, 
and which is operative to monitor a differential voltage 
between said prescribed locations of said circuit, and to 
controllably couple a clamping device in circuit with said 
prescribed locations of said circuit, in accordance with 
a prescribed relationship between said differential volt- 
age and said hysteresis turn-on, turn-off characteristic, 
and preferably said clamping circuit is also configured 
for DC operation, and said clamping circuit is configured 
for transient mode operation. 

[0020] The present invention also includes a protec- 
tion circuit for protecting a circuit from an overvoltage 
condition, comprising a clamping circuit having a hys- 
teresis turn-on, turn-off characteristic that is established 
exclusive of conditions of prescribed locations of said 
circuit, and which is operative to monitor a differential 
voltage between said prescribed locations of said cir- 
cuit, and to controllably couple a clamping device in cir- 



cuit with said prescribed locations of said circuit, in ac- 
cordance with a prescribed relationship between said 
differential voltage and said hysteresis turn-on, turn-off 
characteristic, and preferably said clamping circuit is al- 
5 so configured for DC operation, and said clamping cir- 
cuit is configured for transient mode operation. 
[0021] The application will now be described by way 
of example, with reference to the following drawings in 
which: 

10 

Figure 1 diagrammatically shows a power supply 
rail-coupled clamping circuit for protecting an inte- 
grated circuit against potentially destructive effects 
of large voltage transients, such as those caused 

is by electrostatic discharge (ESD) events; 

Figure 2 shows a conventional bipolar Darlington- 
configured clamp circuit that may be employed in 
the supply clamp circuit of Figure 1 ; 
Figure 3 shows a conventional CMOS device-con - 

20 figured clamp circuit that may be employed in the 
supply clamp circuit of Figure 1 ; 
Figure 4 diagrammatically illustrates a Schmitt trig- 
ger-configured IC protection circuit in accordance 
with a first, CMOS-configured embodiment of the 

25 present invention for DC mode of operation; 

Figure 5 diagrammatically illustrates a Schmitt trig- 
ger-configured IC protection circuit in accordance 
with a second, bipolar-configured embodiment of 
the present invention for DC mode of operation; 

30 Figure 6 diagrammatically illustrates a Schmitt trig- 
ger-configured IC protection circuit in accordance 
with a third, BiMOS-configured embodiment of the 
present invention for DC mode of operation; 
Figure 7 diagrammatically illustrates a Schmitt trig- 

35 ger-configured IC protection circuit in accordance 
with a fourth, bipolar-configured embodiment of the 
present invention for transient mode of operation; 
Figure 8 diagrammatically illustrates a Schmitt trig- 
ger-configured IC protection circuit in accordance 

40 with a fifth, BiMOS-configured embodiment of the 
present invention for transient mode of operation; 
Figure g diagrammatically illustrates a Schmitt trig- 
ger-configured IC protection circuit in accordance 
with a sixth, CMOS-configured embodiment of the 

45 present invention for transient mode of operation; 
Figure 10 shows a clamp threshold circuit formed 
of a serial string of diodes; 
Figure 11 shows a clamp threshold circuit formed of 
a cascaded arrangement of Darlington-connected 

50 transistors; and 

Figure 12 shows a clamp threshold circuit formed 
of an emitter-collector punch through connected 
transistor arrangement. 

55 [0022] As described briefly above, the present inven- 
tion effectively obviates the shortcomings of convention- 
al ESD protection circuits by means of a hysteresis- 
based clamping circuit, in particular a Schmitt trigger- 
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configured clamping circuit, having a reference device 
and a turn-on, turn-off hysteresis characteristic that min- 
imizes its sensitivity to noise. These turn-on and turn-off 
thresholds should be set at values that exceed the nor- 
mal maximum operating voltage. 
[0023] The use of a reference device, such as a Zener 
diode, means that the clamping circuit trigger threshold 
may be fixed at a value that is independent of the power 
supply voltage. The voltage reference will be governed 
only by circuit manufacture processing and device ge- 
ometry parameters, making operation of the clamping 
circuit deterministic. As will be described, the clamping 
circuit of the present invention may be configured for ei- 
ther DC mode operation (Figures 4 - 6) or transient 
mode operation (Figures 7 - 9), so as to protect an inte- 
grated circuit against a power supply rail overvoltage 
condition and electrostatic discharge-based transients. 
It should also be noted that in the description of the var- 
ious non-limiting embodiments of the invention to follow, 
the polarities of the devices and associated voltages 
may be reversed, to provide protection circuit configu- 
rations that are complementary equivalent to those 
shown. 

[0024] Figure 4 diagrammatical ly illustrates a Schmitt 
trigger-configured IC protection circuit in accordance 
with a first, CMOS-configured embodiment of the 
present invention, which is intended for DC operation. 
As shown therein, an input resistor 51 of a voltage di- 
vider/clamp reference circuit 50 is coupled between the 
Vdd supply rail 12 and an input node 61 of a CMOS in- 
verter 60. A voltage reference device, such as a Zener 
diode 52 as a non-limiting example, is coupled between 
the input node 61 and the Vss voltage supply rail 14. 
[0025] The use of a voltage reference device, such as 
but not limited to an internal Zener diode, to define a 
point (a prescribed voltage level relative to the supply 
rail differential) at which the Schmitt trigger circuit is ac- 
tivated into the clamping mode means that the clamping 
circuit trigger threshold is independent of the power sup- 
ply voftage. The voltage reference will be governed only 
by circuit manufacture processing and device geometry 
parameters of the reference device, making operation 
of the clamping circuit deterministic. 
[0026] Were such a reference device not employed, 
the Schmitt trigger threshold could increase proportion- 
ally with supply voltage, preventing the input to the 
clamping circuit from ever reaching a clamping activa- 
tion threshold during an ESD pulse. Since the voltage 
reference device allows the clamping threshold to be de- 
terministically established, activation of the clamping 
circuit can be set at a value that is sufficiently above the 
nominal supply voltage, thereby allowing a circuit card 
or a device containing the clamping circuit to be 'hot' in- 
serted into an already powered-up system, without trig- 
gering the clamping circuit. 

[0027] As described above, the clamping circuit is de- 
signed to be activated at a prescribed overvoltage con- 
dition. For purposes of providing a non-limiting example, 



8 

in the present embodiment, for a nominal operational 
voltage supply rail differential of 5V (e.g., Vdd = 5V and 
Vss = GND), CMOS inverter 60 may be designed to 
switch at fifty percent of some prescribed supply rail ov- 

s ervoltage (e.g., twice that of 5V nominal or 10V), so that 
the Zener diode 52 may have a clamping voltage of 5V. 
[0028] This means that the input node 61 will follow 
the Vdd supply rail voltage up to five volts and then 
clamp its voltage at the Zener value. For an overvoltage 

10 condition, where the supply rail differential voltage goes 
beyond five volts, and reaches a value that is twice the 
clamped Zener value (5V) at input node 61 , the CMOS 
inverter 60 will switch, causing the voltage at CMOS in- 
verter output node 62 to change state (go from a low to 

1* high), as will be described. 

[0029] The CMOS inverter circuit 60 is shown as be- 
ing comprised of an N-MOSFET transistor 70 and an P- 
MOSFET transistor 80, having their source-drain cur- 
rent flow paths coupled in series between the Vdd sup- 

20 ply rail 1 2 and the Vss supply rail 1 4. MOSFETs 70 and 
80 have their respective gates 71 , 81 connected in com- 
mon to input node 61. The CMOS inverter output node 
62 is coupled to their commonly connected drains 
72-82, and to the gates 91 and 101 of respective N- 

25 MOSFETs 90 and 100. N-MOSFET 90 has its drain- 
source path coupled between the CMOS inverter input 
node 61 and the Vss supply rail 14, and is used as a 
switched low impedance device that forms a voltage di- 
vider with resistor 51 during the active (clamping) state 

30 of the protection circuit. 

[0030] The characteristics of N-MOSFET 90 are such 
that the supply rail voltage differential at which the in- 
verter 60 reverts back to its previous, clamp-inactive, 
state is preferably less than that (10V in the present ex- 

35 ample) for activating the clamping circuit, but also ex- 
ceeds the difference between normal power supply volt- 
ages of the power supply rails. This reduced turn-off 
voltage (e.g., 6V, as a non-limiting example) ensures 
that, once triggered, the clamping circuit will stay on for 

40 a period of time sufficient to perform its intended clamp- 
ing function, and will not be subject to noise such as an 
inductive noise voltage bounce that might inadvertently 
turn the clamp off. Namely, the reduced turn-off thresh- 
old provides the inverter switching characteristic with a 

45 hysteresis that minimizes its sensitivity to noise. 

[0031] N-MOSFET 100 is a large geometry, large cur- 
rent device, having has its drain-source path coupled 
between the Vdd supply rail 12 and the Vss supply rail 
1 4. N-MOSFET 1 00 serves as the principal clamping el- 

50 ement during the active state of the ESD protection cir- 
cuit. The large current drive provided by N-MOSFET 
100 serves to effectively pull current out of the power 
supply and clamps the power supply voltage to a value 
determined by the internal impedance of N-MOSFET 

55 100. 

[0032] In operation, in the absence of an overvoltage 
condition, the inverter 60 is initially in a first, low output 
state, keeping N-MOSFETs 90 and 100 and their asso- 
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dated clamping action turned-off. During this state, the 
voltage at node 61 tracks the supply rail voltage up to 
the Zener value (here 5V) and is then clamped at that 
value by the Zener diode 52. As long as the supply rail 
differential is less than the value at which inverter 60 
switches (e.g., 50% of the (10V) supply rail differential, 
as described above), the CMOS inverter 60 remains in 
its first, non-clamping state. However, for an excessive 
overvoltage condition (where the voltage on the supply 
rails exceeds the prescribed overvoltage threshold - 
here 10V), the CMOS inverter 60 will switch, causing 
the voltage at output node 62 to change state (go high), 
thereby turning on each of N-MOSFETs 90 and 100 
hard. 

[0033] As noted previously, the large current drive 
provided by N-MOSFET 100 pulls current out of the 
power supply and clamps the power supply voltage to 
a value determined by the internal impedance of N- 
MOSFET 100. At the same time, the turn on of N-MOS- 
FET 90 pulls the voltage at node 61 to a low value (that 
of Vss supply terminal 14 plus the VDS of N-MOSFET 
90), so as to reduce the voltage to which the supply rail 
differential must drop in order for CMOS inverter to 
switch back to its previous, non-clamping state, and pro- 
viding the intended turn-on, turn-off hysteresis charac- 
teristic of the protection circuit. 
[0034] When the overvoltage condition that has given 
rise to the dynamic clamping action subsides, the supply 
rail differential voltage will decrease. Since N-MOSFET 
90 is turned on, and thereby provides a low impedance 
that is part of a voltage divider with resistor 51 , the 
CMOS inverter will not switch state until the subsiding 
supply rail differential reaches a reduced value (e.g., 6V) 
that is less than that for activating the clamping circuit. 
(In the present example, the on-impedance of N-MOS- 
FET 90 is chosen such that the voltage value at node 
61 is 3V, when the supply rail differential voltage reaches 
6V.) When the supply rail differential drops to this value 
the CMOS inverter switches state (its output node 62 
goes low), removing the gate drive to N-MOSFETS 90 
and 100, and turning off the clamp. 
[0035] Figure 5 diagrammatically illustrates a Schmitt 
trigger-configured IC protection circuit in accordance 
with a second bipolar-configured embodiment of the 
present invention, which, like the first embodiment, is 
designed for DC operation. As shown therein, an input 
resistor 151 of a voltage divider/clamping circuit 150 is 
coupled between the Vdd supply rail 12 and an input or 
sense node at the base 1 61 of an bipolar PNP transistor 
160. As in the first embodiment, a voltage reference de- 
vice, shown as a Zener diode 152, is coupled between 
the input node 161 and the Vss voltage supply rail 14, 
and is employed to set a voltage level relative to the sup- 
ply rail differential at which the Schmitt trigger circuit is 
activated into the clamping mode. 
[0036] PN P transistor 1 60 has its emitter 1 62 coupled 
to the Vdd supply rail 12 and its collector 163 coupled 
to the bases 171 and 181 of each of NPN transistors 



170 and 180, respectively. The respective emitters 172 
and 182 of NPN transistors 170 and 180 are coupled to 
the Vss supply rail 1 4. The collector 1 73 of the NPN tran- 
sistor 170 is coupled through a collector resistor 1 53 to 

s input node 161 , while the commonly connected bases 

171 and 181 of NPN transistors 170 and 180 are cou- 
pled through a bias resistor 1 54 to the Vss supply rail 1 4. 
[0037] As in the first embodiment, the sense node in- 
put voltage for PNP transistor 160 to turn -on hard may 

10 be established such that PNP transistor 160 tums-on 
when the Vdd voltage reaches the Zener voltage of Zen- 
er diode 152 plus the Vbe of transistor 160 (e.g., V Zener 
= 5V of Zener diode 1 52 plus 0.7V Vbe of PNP transistor 
1 60 or Vdd = 5.7 V)- Similar to the N-MOSFET 90 in the 
15 DC embodiment of Figure 4, NPN transistor 1 70 is used 
as a switched low impedance device that activates a 
voltage divider formed by resistors 151 and 153 during 
the active state of the clamping circuit. The characteris- 
tics of this voltage divider are such that the supply rail 
20 voltage differential at which PNP transistor 160 is 
turned-off (e.g., 3V) is less than that for activating the 
clamping circuit, so that the Schmitt trigger has the in- 
tended turn-on (clamp-active), turn-off (clamp-inactive) 
hysteresis switching characteristic. 
25 [0038] Like N-MOSFET 1 00 in the embodiment of Fig- 
ure 4, NPN transistor 180 is a large current device, hav- 
ing its collector-emitter path 183-182 coupled between 
the Vdd supply rail 12 and the Vss supply rail 14, and 
serves as the principal clamping element during the ac- 
30 tive state of the protection circuit. Namely, when turned 
on hard by the collector output of PNP transistor 160, 
NPN transistor 180 pulls current out of the power supply 
and clamps the power supply voltage to a value deter- 
mined by the internal impedance of the NPN transistor 
35 180. 

[0039] In operation, in the absence of an overvoltage 
condition, PNP transistor 160 is initially turned off, or 
non-conductive, keeping the base -emitter junctions of 
NPN transistors 170 and 180 at zero bias, and thereby 
40 their associated clamping action turned-off. During this 
state, the voltage at input node 161 tracks the supply 
rail voltage up to the Zener value (e.g., 5V) and is then 
clamped at that value by the Zener diode 1 52. PNP tran- 
sistor 160 will turn on when the supply rail differential 
45 exceeds the Zener value of Zener diode 1 52 by the re- 
quired turn -on Vbe of transistor 160 (e.g., 0.7 V). 
[0040] However, for an excessive overvoltage condi- 
tion between power supply terminals 12 and 14, PNP 
transistor 160 is turned-on hard, so that its collector out- 
50 put supplies substantial base drive to NPN transistors 
170 and 180, turning these transistor on hard. When this 
happens, the large current drive provided by NPN tran- 
sistor 180 pulls current out of the power supply and 
clamps the power supply voltage to a value determined 
55 by the collector-emitter impedance of NPN transistor 
180. 

[0041] At the same time, since NPN transistor 170 is 
turned on hard, it provides a low impedance into a series 
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circuit to the input node 161, formed of the collector- 
emitter VSAT resistance of transistor 1 70 and the resist- 
ance of resistor 153 in series with resistor 151 , so as to 
reduce the voltage at which the clamp turns off. As in 
the embodiment of Figure 4, PNP transistor 160 will not 
switch state until the subsiding supply rail differential 
reaches a reduced value (e.g., 3V) that is less than that 
for activating the clamping circuit. When the supply rail 
differential drops to the reduced base drive value for 
PNP transistor 160, transistor 160 is rendered non-con- 
ductive, thereby removing the base drive to transistors 
170 and 180, thereby turning off the clamp. 
[0042] Figure 6 diagrammatically illustrates a Schmitt 
trigger-configured IC protection circuit in accordance 
with a third BiMOS-configured embodiment of the 
present invention designed for DC operation. As shown 
therein, as in the embodiments of Figure 4, an input re- 
sistor 251 of a voltage divider/clamping circuit 250 is 
coupled between the Vdd supply rail 12 and an input 
node 261 at the base of a bipolar PNP transistor 260. A 
voltage reference device 252, again shown as a Zener 
diode, is coupled between the input node 261 and the 
Vss voltage supply rail 14, and is employed to define a 
prescribed voltage level relative to the supply rail differ- 
ential at which the Schmitt trigger circuit is activated into 
the clamping mode. 

[0043] As in the DC embodiment of Figure 5, PNP 
transistor 260 has its emitter 262 coupled to the Vdd 
supply rail 1 2. Its collector 263 is coupled directly to the 
gate 271 of a N-MOSFET 270 and through a resistor 
256 to the base 281 of an NPN transistor 280. Resistor 
256 provides the necessary voltage divider offset to sat- 
isfy the respective turn-on voltage requirements of N- 
MOSFET 270 and NPN transistor 280. The base 281 of 
transistor 280 is further coupled through a bias resistor 
253 to the Vss supply terminal 1 4. The emitter 282 of 
NPN transistor 280 is coupled to the Vss supply rail 14. 
The drain 272 of N-MOSFET 270 is coupled to node 
261 , while the source 273 of N-MOSFET 270 is coupled 
to the Vss supply rail 14. 

[0044] As in the previous embodiments, as a non-lim- 
iting example, the value of the Vdd supply voltage for 
PNP transistor 260 to turn-on hard may be such that 
PNP transistor 260 turns on at 0.7 volts above the Zener 
voltage of Zener diode 252. As in the DC embodiment 
of Figure 5, N-MOSFET 270 is used as a switched low 
impedance device that forms a voltage divider with re- 
sistor 251 during the active state of the clamping circuit. 
The characteristics of N-MOSFET 270 are such that the 
supply rail voltage differential at which PNP transistor is 
turned off is less than that for activating the clamping 
circuit, so that the Schmitt trigger clamp has the intend- 
ed turnon, turn-off hysteresis switching characteristic. 
[0045] Like the clamping NPN transistor 180 in the 
embodiment of Figure 5, NPN transistor 280 is a large 
current device, having its collector-emitter coupled be- 
tween the Vdd supply rail 12 and the Vss supply rail 14, 
and functions as the principal clamping element during 



the active state of the ESD protection circuit. The large 
current drive provided by NPN transistor 280 pulls cur- 
rent out of the power supply and clamps the power sup- 
ply voltage to a value determined by the internal imped- 

s ance of the NPN transistor 280. 

[0046] In operation, in the absence of an overvottage 
condition, PNP transistor 260 is initially non -conductive, 
keeping the gate voltage to N-MOSFET 270 less than 
its turn on threshold Vt, and the base-emitter junction of 

10 NPN transistor 280 at zero bias, and thereby its clamp- 
ing action turned off. During this non-clamping state, the 
voltage at input node 261 tracks the supply rail voltage 
up to the Zener value of Zener diode 252 and is then 
clamped at that value by the diode 252. As long as the 

15 supply rail differential is less than the Vbe at which PNP 
transistor 260 turns-on plus the Zener voltage of Zener 
diode 252, PNP transistor 260 remains turned-off , and 
the clamping action of the protection circuit is not acti- 
vated. 

20 [0047] For an excessive overvoltage condition, how- 
ever, the voltage difference between power supply ter- 
minals 12 and 1 4 will increase to the point that the volt- 
age at input node 261 eventually reaches a value which 
provides a hard forward bias drive to PNP transistor 260, 
25 so that the collector output of PNP transistor 260 pro- 
vides a hard drive to the gate 271 of N-MOSFET 270 
and the base 281 of NPN transistor 280, turning-on each 
of these devices hard. When this happens, the large cur- 
rent drive provided by NPN transistor 280 pulls current 
30 out of the power supply and clamps the power supply 
voltage to a value determined by the collector-emitter 
impedance of NPN transistor 280. At the same time, 
since N-MOSFET 270 is turned-on it inserts a low im- 
pedance in series with resistor 251, thereby reducing 
35 the value to which the supply differential voltage must 
drop in order to turn off the clamping action. 
[0048] When the overvoltage condition that has given 
rise to the dynamic clamping action terminates, the sup- 
ply rail differential voltage will decrease. Because N- 
40 MOSFET 270 is currently turned-on, it provides a low 
impedance that is part of a voltage divider with resistor 
251 . As pointed out above, the characteristics of the N- 
MOSFET 270 are such that PNP transistor 260 will turn- 
off at a supply rail differential that is less than that for 
45 turning on the clamping circuit. Thus, N-MOSFET 270 
causes the clamping circuit's switching characteristic to 
have the intended hysteresis (turning on at a higher sup- 
ply rail differential than that at which it turns off). Once 
the supply voltage drops to a level that reduces the volt- 
50 age at node 261 to the reduced switching threshold, 
PNP transistor 260 is rendered non-conductive and the 
clamping action of the protection circuit is terminated. 
[0049] As pointed out briefly above, an ESD pulse, 
such as that generated by a human body, electrical ma- 
55 chinery, etc., typically has a very fast rise time (e.g., on 
the order of hundreds of picoseconds to several or ten 
nanoseconds) and a very large amplitude (which may 
be on the order of several thousand volts). In accord- 
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ance with transient mode embodiments of the invention, 
to be described below with reference to Figures 7 - 9, 
the switching components of the hysteresis-based pro- 
tection circuit are AC-coupled to the power supply rails 
through a time constant network (a resistor - capacitor 
RC) network. This RC network is operative to cause the 
protection circuit to be triggered or turned on in response 
to a very fast, high amplitude ESD pulse, but thereafter 
shuts down the clamping action of the circuit after the 
overvoltage pulse drops below the reduced hysteresis 
threshold or at the expiration of a prescribed time inter- 
val corresponding to the time constant of the RC net- 
work, whichever occurs first Incorporating a time-out 
controlled recovery or turn-off action as an adjunct to 
the hysteresis-defined turn-off condition, is very effec- 
tive in preventing circuit damage or destruction as a re- 
sult of prolonged power dissipation in the clamping 
state. 

[0050] Figure 7 diagrammatically illustrates a Schmitt 
trigger-configured IC protection circuit in accordance 
with a bipolar-configured embodiment of the present in- 
vention, that is similar to the DC bipolar-configured em- 
bodiment of Figure 5, but which is designed for transient 
mode operation. As shown therein, an AC coupling cir- 
cuit in the form of a capacitor - resistor (RC) network, 
formed of an ESD transient-coupling capacitor 350 and 
a resistor 351, is coupled between the Vdd supply rati 
1 2 and the Vss supply rail 14. The common connection 
or junction 355 of capacitor 350 and resistor 351 is cou- 
pled to the base 311 of an NPN transistor 310, having 
its emitter 312 coupled through a clamping activation 
reference device, shown as voltage Zener diode 352, to 
the Vss supply terminal 14. The collector 313 of NPN 
transistor 310 is coupled through a bias resistor 356 to 
the Vdd supply terminal 12. Similar to the DC embodi- 
ment of Figure 5, the Zener voltage of Zener diode 352 
(plus the Vbe diode drop in NPN transistor 31 0) defines 
a prescribed input node 355 voltage level relative to the 
Vss supply 14 differential at which the Schmitt trigger 
circuit is activated into the clamping mode. 
[0051] The collector 313 of NPN transistor 310 is fur- 
ther coupled to the base 361 of a bipolar PNP transistor 
360. As in the DC embodiment of Figure 5, PNP tran- 
sistor 360 has its emitter 362 coupled to the Vdd supply 
rail 12 and its collector 363 coupled to the bases 371 
and 381 of each of NPN transistors 370 and 380, re- 
spectively. The respective emitters 372 and 382 of NPN 
transistors 370 and 380 are coupled to the Vss supply 
rail 14. The collector 373 of NPN transistor 370 is cou- 
pled through a collector resistor 353 to the common con- 
nection of the emitter 312 of NPN transistor 310 and 
Zener diode 352, while the commonly connected bases 
371 and 381 of NPN transistors 370 and 380 are cou- 
pled to through a bias resistor 354 to the Vss supply rail 
14. 

[0052] As in the DC bipolar embodiment of Figure 5, 
the value of the supply voltage 1 2 for PNP transistor 360 
to turn on hard is the Vbe voltage of PNP transistor 360 



required for turn-on plus the V CE of transistor 310, plus 
the Zener voltage of Zener diode 352 (e.g., Vbe = 0.7V 
for PNP transistor 360 plus V CE = 0.5V for NPN transis- 
tor 31 0, plus V Zener = 5V for Zener diode 352 is equal to 

s 6.2V). NPN transistor 370 is used as a switched low im- 
pedance device to connect the emitter of transistor 310 
to the Vss supply 1 2 through resistor 353 during the ac- 
tive state of the clamping circuit. The VSAT of NPN tran- 
sistor 370, resistor 353, and VSAT of NPN transistor 310 

10 are such that the supply rail voltage differential at which 
the PNP transistor 360 is turned-off is less than that for 
activating the clamping circuit, so that the Schmitt trigger 
protection circuit has the intended hysteresis switching 
characteristic, as described above. 

75 [0053] Again, NPN transistor 380 is a large current de- 
vice, having its collector-emitter coupled between the 
Vdd supply rail 12 and the Vss supply rail 14, and serv- 
ing as the principal clamping element during the active 
state of the ESD protection circuit. When the protection 

20 circuit is activated by a large amplitude, fast rise time 
overvoltage (ESD) pulse, the large current drive provid- 
ed by NPN transistor 380 pulls current out of the power 
supply and clamps the power supply voltage to a value 
determined by the internal impedance of the NPN tran- 

25 sistor 380. 

[0054] In the absence of an excessive overvoltage 
transient, NPN transistor 310 is turnedoff, so that the 
remaining circuit switch components are turned-off, or 
non-conductive. When an ESD pulse is coupled through 

30 the capacitor 350 of the RC input network, it will drive 
NPN transistor 310 on hard. This, in turn will cause the 
voltage at node 341 to rapidly rise to the reference turn- 
on voltage of the Zener voltage of Zener diode 352. The 
base 361 of PNP transistor 360 is clamped by V CE of 

35 the NPN transistor 31 0, causing the PNP transistor 360 
to turn-on hard. The collector current of transistor 360 
supplies a substantial drive to the bases of NPN tran- 
sistors 370 and 380, turning these devices on hard. 
[0055] As a consequence, the large current drive pro- 

40 vided by NPN transistor 380 pulls current out of the pow- 
er supply and clamps the power supply voltage to a val- 
ue determined by the collector-emitter impedance of 
NPN transistor 380. At the same time, the turn-on of 
NPN transistor 370 inserts a low impedance positive 

45 feedback circuit, formed of the collector-emitter resist- 
ance of transistor 370 and the resistance of resistor 353. 
Since this feedback circuit is in series with the emitter 
312 of NPN transistor 310, whose collector 313 is con- 
nected to base 361 of transistor 360 and the collector 

50 363 of transistor 360 is connected to the base 371 of 
transistor 370, what results may be considered a 'pseu- 
do' SCR (silicon controlled rectifier) action, with a con- 
trolled switch (NPN transistor 310 and resistor 353) in 
the regenerative feedback path. 

55 [0056] This positive feedback circuit serves to set the 
turn-off of the clamping circuit at a lower (turn-off) 
threshold than the turn-on threshold (established by the 
Zener voltage of Zener diode 352 and the Vbe of tran- 
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sistor 310). The charging of the capacitor 350 ensures 
that the clamping action of the protection circuit is effec- 
tive for only a prescribed period of time. As noted above, 
the clamping action is terminated when the overvoltage 
condition drops below the reduced turn-off threshold, or 
at the expiration of the time-out established by the time 
constant of the RC network. This serves to prevent an 
overvoltage condition that does not subside to the lower 
threshold voltage within the time constant period, from 
causing circuit damage or destruction that might other- 
wise result from prolonged power dissipation in the 
clamping state. 

[0057] Figure 8 diagrammatically illustrates a Schmitt 
trigger-configured IC protection circuit in accordance 
with a BiMOS-conf igured embodiment of the present in- 
vention, similar to the DC BiMOS-configured embodi- 
ment of Figure 6, but which is designed for transient 
mode operation. As shown therein, as in the transient 
mode embodiment of Figure 7, an AC input circuit in the 
form of a capacitor - resistor (RC) network, formed of an 
ESD transient-coupling capacitor 450 and a resistor 
451 , is coupled between the Vdd supply rail 12 and the 
Vss supply rail 14. A common connection 455 of capac- 
itor 450 and resistor 451 is coupled to the gate 411 of a 
N-MOSFET 41 0, having its source 41 2 coupled through 
a clamping activation reference device, shown as volt- 
age Zener diode 452, to the Vss supply terminal 1 4. The 
drain 41 3 of N-MOSFET 410 is coupled through a bias 
resistor 457 to the Vdd supply terminal 1 2. Similar to the 
fourth embodiment of Figure 7, Zener diode 452, plus 
the V DS of N-MOSFET 410, and the Vbe of transistor 
460 are employed to define a prescribed voltage level 
relative to the supply rail differential at which the Schmitt 
trigger circuit is activated into the clamping mode. 
[0058] The drain 413 of N-MOSFET 410 is further 
coupled to base 461 of a bipolar PNP transistor 460. As 
in the transient mode embodiment of Figure 7, a voltage 
reference device 452, is again shown as a Zener diode. 
The Zener diode 452 is coupled between the source 41 2 
of transistor 410 and the Vss voltage supply rail 14, and 
is employed to define a prescribed voltage level relative 
to the supply rail differential at which the Schmitt trigger 
circuit is activated into the clamping mode. PNP transis- 
tor 460 has its emitter 462 coupled to the Vdd supply 
rail 12. Its collector 463 is coupled directly to the gate 
471 of a N-MOSFET 470 and through a resistor 456 to 
the base 481 of an NPN clamp transistor 480. Resistor 
456 provides the necessary voltage divider offset to sat- 
isfy the respective turn-on voltage requirements of N- 
MOSFET 470 and NPN transistor 480. 
[0059] The base 481 of transistor 480 is further cou- 
pled through a bias resistor 453 to the Vss supply ter- 
minal 14. The emitter 482 of NPN transistor 480 is cou- 
pled to the Vss supply rail 14. The drain 472 of N-MOS- 
FET 470 is coupled to the common connection of the 
source 41 2 of N-MOSFET 41 0 and Zener diode 452; the 
source 473 of N-MOSFET 470 is connected to the Vss 
supply rail 14. 



[0060] Resistor 451 keeps node 455 at the supply rail 
voltage Vss when N-MOSFET 410 is turned-off. When 
the voltage at node 455 is sufficient to turn N-MOSFET 
410 on, a voltage divider is formed by the on -resistance 

5 of N-MOSFET 410, resistor 457 and Zener diode 452. 
The voltage at node 462 can rise until it reaches the Zen- 
er voltage of Zener diode 452, whereupon Zener diode 
452 will clamp node 462 at the Zener voltage. As the 
voltage at node 455 continues to increase, the on-re- 

10 sistance of N-MOSFET 410 will continue to decrease. 
The voltage divider formed by the on-resistance of N- 
MOSFET 410 and resistor 457 will develop a voltage 
sufficient to turn-on PNP transistor 460. 
[0061] As in the DC bipolar embodiment of Figure 5, 

75 N-MOSFET 470 is used as a switched, low impedance 
device that forms a voltage divider with the on-resist- 
ance of N-MOSFET 410 during the active state of the 
clamping circuit. Again, the characteristics of the N- 
MOSFET 470 are such that the supply rail voltage dif- 

20 ferential at which PNP transistor is turned off is less than 
that for activating the clamping circuit, causing the Sch- 
mitt trigger to have the intended hysteresis switching 
characteristic. 

[0062] Again, NPN transistor 480 is a large current de- 
25 vice, having its collector-emitter coupled between the 
Vdd supply rail 12 and the Vss supply rail 1 4, and func- 
tions as the principal clamping element during the active 
state of the power supply clamp circuit. The large current 
drive provided by NPN transistor 480 pulls current out 
30 of the power supply and clamps the power supply volt- 
age to a value determined by the internal impedance of 
the NPN transistor 480. 

[0063] In the absence of an overvoltage transient, N- 
MOSFET 410 is turned off, so that the remaining circuit 

35 switch components are turned off, or nonconductive. 
However, an ESD pulse will be coupled through the ca- 
pacitor 450 of the RC input network, and drive N-MOS- 
FET 410 on hard. This, in turn will cause the voltage at 
the node 462 to rapidly increase, following the ESD 

40 pulse, until clamped at the Zener voltage of diode 452. 
The reference turn-on voltage is set by the sum of the 
Zener voltage of Zener diode 452, the on-resistance of 
N-MOSFET 410 and resistor 457. This turns-on PNP 
transistor 460 hard, thereby supplying substantial col- 

45 lector output drive to turn-on each of the transistors 470 
and 480 hard. The large current drive provided by NPN 
transistor 480 pulls current out of the power supply and 
clamps the power supply voltage to a value determined 
by the collector-emitter impedance of NPN transistor 

so 480. 

[0064] At the same time, the turn on of N-MOSFET 
470 inserts a low impedance positive feedback circuit, 
formed of the on-resistance of N-MOSFET 470 and the 
on-resistance of N-MOSFET 410, to the common con- 
55 nection of resistor 457 and the base 461 of PNP tran- 
sistor 460. This positive feedback circuit serves to con- 
trol turning-off of the clamping circuit at a lower (turn-off) 
threshold than the turn-on threshold (established by the 
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Zener voltage of Zener diode 452 and the on-resistance 
of N-MOSFET 410). In addition, as in the bipolar tran- 
sient mode embodiment of Figure 7, the RC network en- 
sures that the clamping action of the protection circuit is 
effective for only a prescribed period of time associated 
with the charging of capacitor 450, as governed by the 
time constant of the RC network, even if the overvoltage 
condition does not subside to the lower threshold volt- 
age within that time period. As pointed out above, this 
prevents circuit damage or destruction that might other- 
wise result from prolonged power dissipation in the 
clamping state. 

[0065] Figure 9 diagrammatically illustrates a Schmitt 
trigger-configured IC protection circuit in accordance 
with a CMOS-configured embodiment of the present in- 
vention, similar to the DC CMOS-configured embodi- 
ment of Figure 4, but which is designed for transient 
mode operation. 

[0066] As in the transient mode embodiments of Fig- 
ures 7 and 8, an AC coupling circuit in the form of a ca- 
pacitor - resistor (RC) network, formed of an ESD tran- 
sient-coupling capacitor 550 and a resistor 551 , is cou- 
pled between the Vdd supply rail 1 2 and the Vss supply 
rail 14. A common connection 555 of capacitor 550 and 
resistor 551 is coupled to the gate 51 1 of a N-MOSFET 
510 of an inverter 500. 

[0067] N-MOSFET 510 has its source 512 coupled at 
node 563 through a clamping activation reference de- 
vice, shown as voltage Zener diode 552, to the Vss sup- 
ply terminal 1 4. The drain 51 3 of N-MOSFET 51 0 is cou- 
pled to node 561 and the drain 523 of a load P-MOSFET 
520, the source 522 of which is coupled to the Vdd sup- 
ply terminal 1 2. The gate 521 of P-MOSFET 520 is con- 
nected directly to the Vss supply terminal 14. Coupling 
the gate 521 of load P-MOSFET 520 to the Vss supply 
terminal serves to provide a gate drive to P-MOSFET 
520, so that it acts as a pseudo resistor source of current 
for N-MOSFET 510. This ensures that as N-MOSFET 
510 is turned-on, node 561 will not be pulled low as the 
capacitance on node 563 is charged through N-MOS- 
FET 510. P-MOSFET 520 provides the charging current 
to keep node 561 high until the Zener voltage of Zener 
diode 552 is reached and node 563 is clamped at the 
Zener voltage. A voltage divider is formed by the on- 
resistances of N-MOSFET 510 and P-MOSFET 520, 
between Vdd and node 563. As Vdd increases inverter 
560 will switch, activating the clamping circuit. As in the 
transient mode embodiment of Figure 8, the Zener diode 
552 (plus the on-resistance of N-MOSFET 510 and P- 
MOSFET 520) are employed to define a prescribed volt- 
age level relative to the supply rail differential at which 
the Schmitt trigger circuit is activated into the clamping 
mode. 

[0068] The junction 51 8 of the drains 51 3 and 523 of 
respective N-MOSFET 510 and P-MOSFET 520 is cou- 
pled to an input node 561 of a CMOS inverter 560. As 
in the DC mode embodiment of Figure 4, CMOS inverter 
560 is comprised of an N-MOSFET transistor 570 and 



a P-MOSFET transistor 580, having their drain-source 
current flow paths coupled in series between the Vdd 
supply rail 12 and Vss supply rail 14. Inverter MOSFETs 
570 and 580 have their respective gates 571 , 581 con- 
s nected in common to input node 561 ; a commonly con- 
nected drain output node 562 of MOSFETs 570 and 580 
is coupled to the gates 591 and 601 of respective N- 
MOSFETs 590 and 600. 

[0069] N-MOSFET 590 has its drain-source path cou- 
10 pled between the source 512 of N-MOSFET 510 and 
the Vss supply rail 14, and is used as a switched low 
impedance device that forms a voltage divider with the 
on-resistances of N-MOSFET 510 and P-MOSFET 520 
during the active state of the clamping circuit. As de- 
is scribed above, the characteristics of the N-MOSFET 
590 are such that the supply rail voltage differential at 
which CMOS inverter 560 switches is less than that for 
activating the clamping circuit, causing the Schmitt trig- 
ger to have the intended hysteresis switching charac- 
20 teristic. 

[0070] As in the DC mode embodiment of Figure 4, 
N-MOSFET 600 is a large geometry device, having its 
drain-source path coupled between the Vdd supply rail 
12 and the Vss supply rail 14. When turned-on hard in 

25 the active clamping state, N-MOSFET 600 serves to ef- 
fectively pull current out of the power supply and clamp 
the power supply voltage to a value determined by the 
low impedance of N-MOSFET 600. 
[0071] In operation, in the absence of a transient ov- 

30 ervoltage event, N-MOSFET 510 is turned-off, so that 
the MOSFETS 580,590, and 600 are turned-off, or non- 
conductive. However, a large amplitude ESD pulse will 
be coupled through the capacitor 550 of the RC input 
network, and drive N-MOSFET 510 on hard. Turning on 

35 N-MOSFET 510 hard, in turn, will cause the voltage at 
node 563 to increase until clamped by Zener diode 552. 
P-MOSFET 520 and N-MOSFET 51 0 form a voltage di- 
vider between Vdd and node 563. As Vdd continues to 
increase, node 561 will eventually reach the switching 

40 point of CMOS inverter 560, causing the voltage at the 
node 562 to change state (go high), thereby turning on 
each of N-MOSFETs 590 and 600 hard. 
[0072] As noted above, the large current drive provid- 
ed by N-MOSFET 600 pulls current out of the power 

45 supply and clamps the power supply voltage to a value 
determined by the relatively low impedance of N-MOS- 
FET 600. At the same time, the turn-on of N-MOSFET 
590 inserts a low impedance positive feedback circuit, 
formed of the on-resistance of N-MOSFET 590 and the 

50 on-resistance of N-MOSFET 510, to the common con- 
nection 518 of the drains 513 and 523. Thispositive 
feedback circuit serves to control turn-off of the clamp- 
ing circuit at a lower (turn-off) threshold than the turn-on 
threshold (established by the Zener voltage of Zener di- 
ss ode 552 and the on-resistance of N-MOSFET 51 0). 
[0073] In addition, as in the bipolar transient mode 
embodiment of Figure 7, the time constant of the RC 
network ensures that the clamping action of the protec- 



10 



19 



EP 0 915 551 A2 



20 



tion circuit is effective for only a prescribed period of 
time, even if the overvoltage condition does not subside 
to the lower threshold voltage within that time period. As 
pointed out above, this feature prevents circuit damage 
or destruction that might otherwise result from pro- 
longed power dissipation in the clamping state. 
[0074] It should be noted that the use of a Zener diode 
as the clamping threshold reference device In the em- 
bodiments of Figures 4-9 is a non-limiting example. Any 
other implementation of a voltage reference may be em- 
ployed as long as it provides a voltage reference that is 
independent of the supply voltage. Non-limiting exam- 
ples of other voltage reference configurations are dia- 
grammatically illustrated in Figures 10-12, which re- 
spectively show a serial string of diodes (Figure 10), a 
cascaded arrangement of Darlington-connected tran- 
sistors (Figure 11) and an emitter-collector punch- 
through-connected transistor (Figure 12). For each of 
these and other functionally equivalent voltage refer- 
ence implementations, the voltage reference will be 
governed only by circuit manufacture processing and 
device geometry parameters, making operation of the 
clamping circuit independent of the power supply volt- 
age. 

[0075] As will be appreciated from the foregoing de- 
scription, the previously described problems of conven- 
tional ESD protection circuits are effectively obviated by 
a Schmitt trigger-configured overvoltage clamping cir- 
cuit in accordance with the present invention, which has 
a hysteresis turn-on, turn-off characteristic that minimiz- 
es its sensitivity to noise, and is effective to protect an 
integrated circuit against a DC overvoltage condition, 
and electrostatic discharge-based transients, while al- 
lowing 'hot' insertion of a device containing the clamping 
circuit into an already powered-up system. 
[0076] Advantageously, the overvoltage protection 
circuit employs a reference device, such as a Zener di- 
ode, that enables the clamping circuit trigger threshold 
to be set at a value that is independent of the power 
supply voltage, since the voltage reference depends on- 
ly on circuit manufacture processing and device geom- 
etry parameters. The clamping circuit of the present in- 
vention may be configured for either DC mode operation 
or transient mode operation. 

[0077] While we have shown and described an em- 
bodiment in accordance with the present invention, it is 
to be understood that the same is not limited thereto but 
is susceptible to numerous changes and modifications 
as are known to a person skilled in the art, and we there- 
fore do not wish to be limited to the details shown and 
described herein, but intend to cover alt such changes 
and modifications as are obvious to one of ordinary skill 
in the art. 

[0078] A Schmitt trigger-configured overvoltage pro- 
tection circuit has a hysteresis turn-on, turn-off charac- 
teristic that minimizes its sensitivity to noise, and is ef- 
fective to protect an integrated circuit against a DC ov- 
ervoltage condition, and electrostatic discharge-based 



transients, while allowing 'hot' insertion of a device con- 
taining the clamping circuit into an already powered-up 
system. The protection circuit employs a reference de- 
vice, such as a Zener diode. 



Claims 

1 . A method of protecting a circuit against an overvolt- 
10 age condition comprising the steps of: 

(a) monitoring a differential voltage between 
prescribed locations of said circuit; 

(b) in response to said differential voltage ex- 
15 ceeding a first voltage condition as established 

by a first threshold voltage of a first voltage ref- 
erence circuit element, coupling a clamping de- 
vice in circuit with said prescribed locations of 
said circuit; 

(c) decoupling said clamping device from said 
prescribed locations of said circuit, in response 
to said differential voltage being reduced below 
a second voltage condition as established by a 
second threshold voltage less than said first 
threshold voltage, in which step (c) comprises 
decoupling said clamping device from said pre- 
scribed locations of said circuit, in response to 
said differential voltage not being reduced be- 
low said second voltage condition, within a pre- 
scribed period of time of step (b) detecting that 
said differential voltage has exceeded said first 
voltage condition, and step (c), said second 
threshold voltage is established by a second 
voltage reference circuit element. 

2. A method as claimed in claim 1 , wherein said pre- 
scribed locations of said circuit comprise power 
supply links for said circuit, and wherein said first 
voltage condition corresponds to a first differential 
voltage between said power supply links exceeding 
a difference between normal power supply voltages 
of said power supply links, and said second voltage 
condition corresponds to a second differential volt- 
age between said power supply links less than said 
first differential voltage and also exceeding said dif- 
ference between normal power supply voltages of 
said power supply links. 

3. A method as claimed in claims 1 or 2, wherein step 
(a) comprises monitoring said differential voltage by 
means of a Schmitt trigger-configured clamping cir- 
cuit, that contains said clamping circuit and said first 
voltage reference circuit element, and is coupled to 
said prescribed locations of said circuit, in which 
said Schmitt trigger-configured clamping circuit fur- 
ther includes a second voltage reference circuit el- 
ement that establishes said second threshold volt- 
age in step (c). 
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4. A protection circuit for protecting a circuit from an 
overvoltage condition, comprising a clamping cir- 
cuit having a hysteresis turn-on, turn-off character- 
istic that is established exclusive of conditions of 
prescribed locations of said circuit, and which is op- 5 
erative to monitor a differential voltage between 
said prescribed locations of said circuit, and to con- 
trol labfy couple a clamping device in circuit with said 
prescribed locations of said circuit, in accordance 
with a prescribed relationship between said differ- 10 
ential voltage and said hysteresis turn-on, turn-off 
characteristic, and preferably said clamping circuit 

is also configured for DC operation, and said clamp- 
ing circuit is configured for transient mode opera- 
tion. 15 

5. A protection circuit as claimed in claim 4, wherein 
said clamping circuit has a turn-on threshold estab- 
lished by a first voltage reference circuit element of 
said clamping circuit, and aturn-off threshold estab- 20 
lished by a second voltage reference circuit element 

of said clamping circuit, and said prescribed loca- 
tions of said circuit comprise power supply links for 
said circuit, and said tum-on threshold is associated 
with a first differential voltage between said power 25 
supply links exceeding a difference between normal 
power supply voltages of said power supply links, 
and said turn-off threshold is associated with a sec- 
ond differential voltage between said power supply 
links less than said first differential voltage and also 30 
exceeding said difference between normal power 
supply voltages of said power supply links. 

6. A protection circuit as claimed in claims 4 or 5, 
wherein said clamping circuit is operative to couple 35 
said clamping device in circuit with said prescribed 
locations of said circuit, in response to said differ- 
ential voltage exceeding a first voltage associated 
with a turn-on threshold of said hysteresis turn-on, 
turn-off characteristic, and to decouple said clamp- *o 
ing device from said prescribed locations of said cir- 
cuit, in response to said differential voltage failing 

to be reduced below a second voltage associated 
with a turn-off threshold of said hysteresis tum-on, 
turn-off characteristic within a prescribed period of 45 
time of said differential voltage exceeding said first 
voltage. 

7. A protection circuit as claimed in claim 6, wherein 
said clamping circuit comprises a voltage divider/ so 
clamp reference circuit coupled to said prescribed 
locations of said circuit, including a first voltage ref- 
erence circuit element of said clamping circuit cou- 
pled to an input node of a switched driver circuit, 
said first voltage reference circuit element estab- 55 
lishing a turn-on threshold of said hysteresis char- 
acteristic of said clamping circuit, said switched 
driver circuit having output coupled to each of said 



clamping device and a second voltage reference 
circuit element of said clamping circuit, said second 
vottage reference circuit element being coupled to 
said input node, and establishing a turn-off thresh- 
old of said of said hysteresis characteristic of said 
clamping circuit, in which said voltage divider/clamp 
reference circuit includes a time constant network 
which is operative to turn on said switched driver in 
response to said differential voltage exceeding a 
first voltage associated with said turn-on threshold 
of said hysteresis characteristic, and to turn off said 
switched driver in the absence of said differential 
voltage being reduced below a second voltage as- 
sociated with aturn-off threshold of said hysteresis 
characteristic, within a prescribed period of time of 
said differential voltage exceeding said first voltage. 

8. A protection circuit as claimed in claim 7, wherein 
each of said clamping device and said second volt- 
age reference circuit element includes a switched 
semiconductor element, with said prescribed loca- 
tions of said circuit comprise power supply links for 
said circuit, and said clamping circuit is configured 
of bipolar circuit components. 

9. A protection circuit as claimed in claim 8, wherein 
said clamping circuit is configured of CMOS circuit 
components, in which preferably said clamping cir- 
cuit is configured of BiMOS circuit components. 

10. A protection circuit for protecting a circuit from an 
overvoltage condition, comprising a clamping cir- 
cuit having a hysteresis tum-on, turn-off character- 
istic that is established exclusive of conditions of 
prescribed locations of said circuit, and which is op- 
erative to monitor a differential voltage between 
said prescribed locations of said circuit, and to con- 
trollably couple a clamping device in circuit with said 
prescribed locations of said circuit, in accordance 
with a prescribed relationship between said differ- 
ential voltage and said hysteresis turn-on, turn-off 
characteristic, and preferably said clamping circuit 
is also configured for DC operation, and said clamp- 
ing circuit is configured for transient mode opera- 
tion. 

11. A Schmitt trigger circuit as claimed in claim 10, 
wherein said voltage divider includes a time con- 
stant network which is operative to turn-on said 
switched driver in response to a differential voltage 
between said first and second voltage nodes ex- 
ceeding a first voltage associated with said turn-on 
threshold of said hysteresis characteristic, and to 
turn-off said switched driver in the absence of said 
differential voltage being reduced below a second 
voltage associated with a turn-off threshold of said 
hysteresis characteristic, within a prescribed period 
of time of said differential voltage exceeding said 
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